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Abstract

The following text givesa brief overview of microwave radiative transferin atmospheresoveringthe principlesof radiatve
transferin anabsorbingandscatteringatmospheréncluding surfacereflectionandemission A few approache$or radiatve
transfermodelling are presentedModels for atmosphericabsorption particle absorptionand scatteringas well as surface
emissionareintroduced Pleasenotethatthereferencdrequeng rangewaschoserto be 1-200GHz which coversall current
spacebornemicrovave radiometerchannelsin operationfor troposphericremote sensing.As a descriptionof current
microwave radiatve transfer problems, the COSTI2 Project 1 report is recommended.
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1. RADIATIVE TRANSFER

The radiatve transfer equation can bepeessed as the ifential change of radiandg, along paths :
dL, = -L kg0s 1)

In vertical coordinates,and including slant paths, the path coordinate is modified to optical depth
dd/p = kg, dz/p with zenithangle® = cos . kot = kst kg denoteshevolumeextinction coeficient
comprisingabsorptiorandscatteringoy all relevantmediain theatmosphereAll opticalquantitiesarefrequenyg
dependent, thus the subscript ‘will be omitted hereafteincluding source termd) translates to:

udL(é;U, 9 _ L(3;u, @) —J (31, @) (upward)
ga )
_“dL(%gM, 9 _ L(3:—41, ) —J (5:—11, 0) (downward).

¢ denotegsheazimuthanglesothattheangulardependencemaybecombinedo Q = (p, @), dQ = dude. The
sourceterm coverscontributionsfrom scatteringhydrometeorsandemission(oxygen,watervapour dry air, hy-
drometeors):

2n 1

T @) = 22f LW, ¢)P(h @I, ¢)dde + (L-o)B(T) )
0 -1

Scattering of radiance ixgressed in terms of a normalized scattering phase function:

2 1
1 . J ' ;o

-1
describingthe distribution of incidentradiance(p', @' ) to obsenrationdirection(, @). wy = ke / ke, denotes
the single scattering albedo and\pdes a measure for the fraction of scattered radiation Whitew,) is the
fraction of absorbed / emitted radiatidB(7") is the blackbody equalent radiance according to temperature.

The differentialform of the radiative transferequationcanbe integratedfrom the surface(é = 6*)to thetop of
the atmosphere) = 0:
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L(3= 051, @) = goB(To)T(5 :1, @) +
0
+J’J(6’;p, @)exp[—0' /] dd'/u+
d (5)
* 6* *
+(1-20)1(3 11, @) [J (81, @) exp[~(5 ~8')/p] d&'/
0

with total atmospheric transmission:

0
(81 @) = [exp[-8'/u] d&'/p (6)
d

andsurfaceemisstity, €, , whichis afunctionof temperatureroughnessfoamcoverage andsalinity in the case
of seawateranda functionof temperaturemoisture soil type, vegetation,androughnesgamongothers)for land
surfaces.

1.1 Emission

In the case of a purely absorbing mediung, = 0. Neglecting the azimuth angle depende(@becomes:

0
L(8=0p) = £B(T)T(8, 1) + [BIT(&)]exp[-0'/u] d&'/p
.

7)
0
+(1-£0)T1(8', ) [ BIT(8)] exp[~(8 ~&')/ ] d&'/

]

The termexp[—0'/] defines the atmospheric transmission fromell®’ to the top of the atmosphere, i.e.:

o = epl-d/, T = e ®)

which by insertioninto (7) (neglectingsurfacecontributions)providesthebasicradiative transferequatiorfor ver-
tical atmospheric sounding (note theleange of the inggation limits):

]
L@=0) = BT gy ©)
0

In the microwave spectrumandin cloudfreeareaspptical depthis mainly a functionof atmosphericemperature
(50-60GHz,118 GHz) andwatervapour(22 GHz, 183 GHz) dueto line absorptionhowever, continuumcontri-
butionsby dry air andwatervapourincreaseslowly with frequeng andarenon-ngligible thoughdifficult to pa-
rameterize.

The term 91(d, 1)/ 06 is called the ‘weighting function’ since it provides weights of the contribution of
B[T(8)]to I(d =0, u). Thusonly asmuchradiancegrom acertainlayercanreachthetop of theatmospheras
is transmittedhroughthe overlying layers.Typically, theweightingfunctionshave ‘Gaussian’shapesvith amax-
imum atthe level wheret hasa maximumgradient.This level definesthe layerto which a soundinghasa maxi-

Meteorological Training Course Lecture Series
0 ECMWEF, 2002 3



9 Introduction to microwave radiative transfer

mumsensitvity; however thewidth of the weightingfunctionindicatesthatthe soundinglevel is not discretebut
rather blurred and depends on the local conditions to bevestrie

For remotesensingapplicationsit is importantto noticethattheintegrandin (9) comprisegwo profile variables,
i.e. T(d) andt(o, 1) . An inversionof (9) is moreaccuratefor temperaturerofile retrievals nearor at oxygen
absorptionlines becausehere,absorptionis a function of temperatureasis B[T'(d)] . Sinceoxygenis a well

mixed @as in the troposphere, absorption does not dependsocogcentrationud only temperature.

In the caseof watervapourprofile retrievals, T1(d, 1) is a function of watervapourcontentwhile B[T'(d)] isa
functionof temperatureThus,both absorbedensityandtemperaturgrofilesarecornvolved andcausdessaccu-
rateretrievalsof e.g.watervapourcontentsatspecificaltitudes Here,a combinatiorof temperaturgrofile retriev-

alsat, say50-60GHz, andwatervapourprofile retrievals at 183 GHz are of advantageln termsof watervapour
content (e.g. mixing ratio), the igeand in(9) may be gpressed as:

0190 dw

BIT(@) 8t 45 = B[7() JL20%

(10)

Here,01/00 anddd/dw areknown sothat(10)is ascomple asfor temperatursoundingout expressedn terms
of the desired quantity

Of someimportances theway theintegrationin (9) is carriedout. Consideringa singlelayer, it maybeassumed
(1) that B(T) = const with layer averagetemperatureT, or (2) that B changedinearly within the layer, i.e.,
B[T(d8)] = B[T,] + B;d with T being the temperatureat the top of the layer (where 4 = 0) and
B, = AB/AJ being the lapse rate. Then:

U B(T)[1-exp(=d/W)] : const

; (11)
0 B(T) + By —~T[B(T,) + By (1 +8)] : linear

J’B[T(é )]aT(5 W) g5 =

Dependingon the optical depthof the layer, the differencebetweerthe two optionsmay be several K. At micro-
wave wavelengthsthisbecomesmportantin cloudsandprecipitationbut maybeneglectedn optically thin cloud-
free atmospheres.

1.2 Scattering

In themicrowave partof theelectromagnetispectrumthedependencef scatteredadiationonazimuthanglecan
beneglectedin mostcasedecausenultiple scatteringpf diffuseradiationis muchlessanisotropidhanthatof e.g.
solar radiation. In this case, the phase functig@d)mecomes:

21T
I 1 I U
P(u,p) = ETTJ’P(M, oY, @) do (12)
0

and(2) reduces to:

1
ep@EOI) = 75, 4) -2 15, 0P, ) di — (1- ) B(T) (13)

-1

A ratheraccurateapproximatiorto the phasefunctionin (12) is given by the Heryey—Greensteiriunction which
is only applicable in scalar radiei transfer:
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2
1-g
(1+ g*—2gc0s9)”? (14)
1/2 1/2
cosd = +pp' +(1—p?) " (1-p?) “cos(o-¢)

P(u, o, @) =

g denotes the asymmetry parameter which represents the aagiged phase functiog, [ [-1, 1] :

1
g = %J’P(cos@) cos© dcos® = cosO (15)
-1

This parameters >0/ <0 if moreradiationis scatteredn forward/backvardthanbackward/forwarddirection.For
Rayleigh scatteringg = 0.

1.3 Polarization

Anotherimportantsourceof informationis polarization becausesurfacegpolarizeincomingunpolarizedadiation
by reflectionandparticlespolarizeby scatteringln bothcasesastrongdependencef illuminationvs. obsenation
geometryexists,andthe degreeandangulardistribution of the polarizedradiationis determinedy surfacereflec-
tivity androughnessandparticlescatteringefficiency andshapePolarizationcalculationsequirethe expansion
of radiancesinto vertically and horizontally polarized componentsvhich are elementsof the Stokes vector
L={,QUV):

I1=1+1,

Q=1,-1, (16)
U = Icos(2a)sin(2pB)

V = Isin(2B)

The (v, h) aredefinedby a planebetweertheincomingandscattered/reflectecdiationbeams:v’ representshe
verticalcomponentind‘h’ the parallelcomponento this plane.Angle 3 definesthe orientationof thevector L
with respecto the ‘h’-direction while a standdor theellipticity of the polarization.Thesignof a describeshe
sensef rotation,i.e.,thesignof thephasg @) differencebetweenl,, andI, . Elliptically polarizedradiationrep-
resentghe mostgeneraldefinition form for polarizedradiationwith specialcasesof unpolarized)inearly polar-
ized, and circularly polarized radiation: thus I, =1,, B =0; I,=1,, ®,=®,; and [,/I, = 1,
P, = @, £ 7V 2, respeciiely.

\"2 ;

The consequenctor theradiative transferequation(13) is thatall radiancetermsbecome(Stokes)vectors,scat-
tering and etinction coeficients become matrices, while the scattering phase function also becomes a matrix:

1
ep B O =y (5, 0) - Z211(5, W)M (24, 1) d' — (1 - ) B(T) %)

-1

L istheStokesvectorrepresentationf the scalarintensity B is still scalarbecausédlackbodyemissionis unpo-
larized(B = (B, 0,0,0)), M denoteghe 4 x 4 scatteringmatrix (Mueller matrix), and w, hasalsobecomea
4 x 4 matrixdeterminingheamountof scatteringpercomponentThelatterexpansionis only requiredif scatter-
ing by non-spherical particles is included, otherwigeremains a scalar
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9 Introduction to microwave radiative transfer

Sincescatterings alwaysdescribedn thelocal scatteringgeometry(asis thepolarization),.e.,in referenceo the
planedeterminedby the incomingandscatteredadiationbeamswith a particleat the center a coordinatetrans-
formation has to be carried out before and after the scattesémg with respect toy, @;u’, @' ):

M o', @) = F(i—mP(cosO)F(iy) (18)

F represents a rotation matrix:

1 0 0O O

F(i) = 0 cos2i —sin2i 0 (19)
0 sin2; cos2i O
0 O 0O 1

The most general form of the scattering maRixs:

Sp3+S4 —Dy3—Dy

My+ M+ M+ M, My—My+M,~M,
2 2
My+My—M,~M, My—My—M,+M,
2 2
St Sy S24—83; S31=S34 =D+ Dy
Dyy+ Dy D;y—Dyy Dy +Dgyy Sy =Sy |

P(cosd) =

Sp3—Sy —Dypt Dy (20)

which can be reduced to a more simple form for spherical particles:

_M2+M1 M,-M, ]
> > 0 0
M,-M, M,+M,

21
5 5 0 (21)

P(cosQ) =

Other simplifications apply for particles with less general symmetry than spheres.

1.4 Boundaries

Downwelling radiationfrom spacds commonlyapproximatedy B (2.7K) for all incidenceangles Surfacescan
be treatedasreflectorswhich arespecularfor e.g.a calmwatersurface.In thatcase the Fresnelequationsapply
which translate to a reflection matrix:

(2 +1r®72 (2 =572 0 0
2 2 2 2
Ro(lL 1) = (rd* =572 (r)°+ 572 0 * 0 * 22)
0 0 Re(r,r,) —Im(r,ry)
i 0 0 Im(rvr;) Re(rvr;)_
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with reflection codfcients for a medium with complgoermittivity € = €' —ig" :

ro(H) = (p _H)Z +q2

(p+w’+q°
r) = EM=P)*(E—g)°
(e'n+p)°+(e"u+q)° (23)
p= %é{[(s'—u—1)2+e"21“+(s'—u—l)z}
q = Jié{[(s'—u—1)2+s"21”2—(e'—u—l)z}

Surfacetransmissiity is neglectedn mostcasesssumingpenetratiordepthd,, = Je'A/ (2me") of zerosothat
€y = 1-R becomesa matrix in (5). Most naturalsurfaces however, areroughso that—atleasttheoretically—
bistaticreflectioncoeficientshave to becalculatedyiving thefraction of scatteredadiationfor ary incidenceand
scatteringanglecombination Anotherapproximatiorto surfacereflectionis representetdy aLambertiarreflector
for which the distriation of reflected radiation is isotropigear all angles.

1.5 Antenna patterns

Microwave antenna®n currentsatellitesrepresena compromisebetweerdesiredspatialresolutionat the surface
andaffordableantennasize. Sincemeasurementat all frequenciesre usually obtainedwith the sameantenna,
spatialresolutionvarieswith frequeng. Spatialresolutionof theinstantaneougeld of view, IFOV, canroughlybe
estimated from (here at nadir):

IFOV(u=0) = ‘%ﬁ (24)

with satellitealtitude & , antennadiameterd , anantennaefficiency factora (e.g.= 1.5)andwavelengthA . This
increasedor inclined obsenation geometryanddistortscircularantenngatterngo ellipsoids.Sincetheantenna
sizeis moreor lessof thedimensionof severalwavelengthsdiffractionis importantandleadsto interferencepat-
terns.Mostantennasave very efficientmainlobesbut sidelobeeffectsaremostlynon-ngjligible over scenesvith
stronghorizontalgradientf radianceemission scatteringnearcoastlinegandover cloudsandprecipitation) An
idealizationof theantennamagingis representetly theapproximatiorof themainlobeby a Gausgunctionwith
a halfwidth accordingto the nominal3 dB beamwidthgivenin technicaldocumentge.g.40 km x 60 km for the
SSM/119.35GHz channel)Thusaspatiallyinhomogeneousadiancdield hasto beintegratedovertheradiometer
field of view with the antenna pattei@(6, @) :

1[L(6 =0,1;0', 9 )G(0', ¢)sind'do’ d¢’

L(53=0,6,¢) = (25)

zEG(G', @')sind'de’dg’

TheangleQ representshe effective field of view (EFOV) in coordinate®f zenithandazimuthanglesandis the
instantaneous field of weincluding its distortion by the scanning motion of the antenna.
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9 Introduction to microwave radiative transfer

2. RADIATIVE TRANSFER MODELS

2.1 Principles

Themajor problemfor radiatve transfermodelingis the solutionof (3) with (5) becauséayerinteractioncannot
besolvedanalyticallyin thecaseof scatteringHere,simplificationsandnumericalapproachearerequired Sofar,
theradiatve transferequationvasexpressedy scalaradiance®r Stokesvectorsin dependencef e.g.zenithan-
gle. Dependingon the applicationandthe requiredaccurag (in particularwhenmultiple scatterings included),
even plane-paralleradiative transfer—whichassumegonstantmediumpropertiesin horizontaldirections- re-
quiresthe integration of scatteredadiancesrom the upperandlower half-spacanto the obsenration direction.
This already appeared (8).

Theangledimensiornis treatedn the sameway asthe elementf the Stokesvectoror the Mueller matrix sothat
the dimension of theectors / matrices does not change. Then:

w0 |
L=| .| Lw=[W
- U(n)
! (M) V(W) (26)

P(hy, ) - Pl )

P(u, 1)

P(Hy By) - Py, W)
This aimsalreadyat the numericalintegrationof incomingandscatteredadiancesnto the obsenrationdirection

by a simplematrix-vectormultiplication. To replacetheintegrationby a summationthe Gaussiarmuadraturdor-
mula pravides an accurate means for griion in the interal of [-1, 1]:

m

1
[fidu= % a;f(K;) (27)
a

Jj=-m
At microvave wavelengthsusuallylessthanl6discreteanglegrovide enoughaccurag, atinfrared/ visible wave-
length a higher number is required to resdlve stronger anisotrppf the radiance fields.

As mentionedabove, the azimuthaldependences mostly neglecteddueto the lesserdegreeof anisotropy. If in-
cluded, it ivolves a separation of angle dependencies for the phase function and intensities:

N N
P(uow,¢) = 5 5 &P (WP () cos(¢’ - )
m]\=701=m (28)

LG we = 5 L5 p)cosy —¢)
m=0

where theP;" denote the associateddemdre polynominals and:
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G (2—60,,")6318:—2% l=m ..N, 0smsN

£
I

0 =
50 =0 1m 0

"™ 00 otherwise

Egs.(2) and(3) would beformulatedfor eachmodeI™ andsummedaccordingo (28) afterintegrationin the p -
dimension.

Theequationdor the differentialradiative transferhave to be formulatedfor discretdayersassuminghatthe op-
tical propertiesdo not changehroughthelayer (following the structureof theinput dataor otherchecks) Most of
thetime thelayertemperaturés takento bethe averagebetweerthe boundinglevels; however, for optically thick
media this assumption produces uncertainties (se&/belo

Thebasicformulationoriginatesfrom theinteractionprinciple,i.e., thelinear superpositiorof contribtutionsfrom
adjacent layers:

L, =TL,+RLI+S
1 0 1 (30)

Ly = T'Li+R'Ly+S’

where'+'and'—' denoteheupwellinganddownwellingradiancesiespectiely, and T , R, andS denotehetrans-
mission,reflection,andemissionoperatorsAt bottomandtop of theatmosphereL,(6 = 0) = B(2.7K) andat
the suriceT™ = 0, R is talen from(22) while S* = €o[B(To 14),0,0,0;...;B(Ty 1,). 0,0,0].

2.2 Emission

In the case of pure emission all reflection matrices are zero so thletctitey polarization at this point):

L; = TL,+S
1 0 (31)
Ly =T'L;+S
with:
exp(B3/ £Hy) ... 0
T = 0 0
0 ... exp(Ad/+p,)
' (32)

[1— exp(A8/+p)] B(T)

[1- eXID(A?';'/.’SMn)]B(T)

For optically thin layers 1 — exp(Ad/ +y;) = Ad/ +p; . This canbe further simplified if only onezenithangleis
used,sothatif only thefirst two elementof the Stokesvectorareneedede.qg.to includepolarizationintroduced

by surfice reflection]31) has only two elements. This is the form used in current numerical prediction models.

2.3 Scattering—doubling/adding

In thecaseof scatteringatmosphereshereflectionandtransmissiommatricesncludetermsof thescatteringphase
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function. The numericalprocedurecalled‘doubling / adding’ treatsthe multiple scatteringn layersandtheinte-
gration of radiances throughout the atmosphere along theviiogdine:

1

2)

Startingpoint is a layerwith constanioptical propertiesn the atmospherésaythe upmostlayer).
This layer hasto be divided into sublayersfor which single scatteringcan be assumedThis is
usually the casefor optical depths < 10°. For a sublayerinitial reflection and transmission
matrices are calculated:

Wy 14—
R = M 7PTALS

—
1

W,
E—-MA5+ =M P AAS

2 (33)
My ... O a; ... 0
M=1lo0.. 0| A=10..0
0 ..y, 0..aq,

wherethe a; aretheweightingcoeficientsof the Gaussjuadraturesin (27). Thenotationof p*
representthe phasdunctionatdiscreteanglesy; wherethefirst signstanddgor thedirectionof the
incomingradianceandthe secondfor the scatteredadiance Positive signsreferto the lower half
spacewhile negative signsrefer to the upperhalf space.The initial operatorsare independenbf
viewing directionso thatan exchangeof viewing directionhasno effect. The sourceterm vectors
remainasin (32). Therearevariousinitializationsavailablewhich producelessdifferentresultsin
the micravave ragion than at shorteravelengths.

If two adjacentayersareadded(or doubledin the caseof their optical propertiesbeingidentical)
the «iting radiances at top and bottom are:

L, = Tl +RyL,+S
f 12 i 21 i 12 (34)
Lo = Tiob1 +RoiLg+ Sy
and those at the layer intace are:
Ly = Tolo+ RyoLy + Sy (35)
+ + -
Ly = Toko +RypLy + S
L, andLg can also be formulated using combined layer operators:
L, = Tolo+ Ryls+ S
2 02=0 20L2 02 (36)

+ + -
Lo = Toolo+RpoLg+ Sy

By inserting(35) in (34) and rearrangementhe combinedoperatorsfrom (36) can be obtained
from:

10
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Roo = Ry + Tyl RygTy
Too =Tl Ty

Sz = Si2+ Tl (Sp1+ Ry10S21) (37)
_ -1 ® ;
M =[E-RyRp] ™ = z (R10R12)L
i=0

and

.
Ro2 = Rop+ Tyl RypTos

Ty = T10F+T21

Sy = Spot T10F+(821 +R1,5q1) (38)

-
|

= [E—Rlleo]_1 = z (RyzRy0)'
i=0

The factorsI™* can be interpreted as a multiple reflection / scatteaopf

3) This is carriedout successiely until thefull layeroperatorsaarecalculated The sublayercombined
operatorsare computedfor optical depthswhich doublethe optical depthof the previous layers
(startingwith theinitial layerwith Ad < 10_5), thusthis procedurds called‘'Doubling’. All layers
of theatmosphereanbetreatedn the samefashion As mentionedabove, for optically thick media
the assumptiorof an averagetemperaturehroughoutthe doubling processproduceserrors.For a
temperaturehat changedinearly with optical depth,the adaptationof B(T) = By + B;d" with
actual optical deptl®’ at each doubling stepwgis much better results.

4) Layers with different optical propertiesfor which the doubling procedurewas carried out
previously are then combined using the same formulae thus this step is Adtiialy’.

2.4 Scattering—Approximations

2.4 (a) Eddington appximation. The Eddingtonapproximatiorto radiative transferrepresentsin example
for anapproximatve method.Theapproximatioriesin thedevelopmenbf theradiancevectorandphasdunction
to thefirst ordersothatonly oneangle(i.e. the obsenationangle)is neededandthe anisotropicradiancefield is
decomposed into an isotropic and anisotropic component, rasbgcti

L(3, 1) = Lo(3) + UL4(3)

(39)
P(cosB) = 1-3gcosh
so that the source function translates to:
J(O, 1) = [1-wy(3)]B[T'(0)] + wo(d)[L(d) +g(O)UL,(0)] (40)

for azimuthallyaveragedields. g is theasymmetrparameterepresentingnaveragescatteringanglecalculated
from the phase functiorvaraged wer the full hemisphere.

If these quantities are inserted iif8), two mixed equations are obtained:
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dL,(d
o0~ (1w (@)2(O)L()
dL,(5) 4D
95 = —3[1-wy(3)]{ Lo(d) —B[T(d)]}
The second derative of e.g.L, provides:
d’Ly(
d;ﬁ ) = N(B){Lo(5) - BIT(5)]} (42)
N*(3) = 3[1-wy(8)][1-wy(3)g(d)] (43)
with the general solution:
Lo(8) = D,exp(A8) + D_exp(—A8) + B[T,] + B,dd (44)

Again, a linear dependence of temperature with optical depth is assumed.

The coeficients D, areto be obtainedfrom the boundaryconditions,i.e., spacebackgroundadiation,surface
emission and reflection as well as with the requirement of flux continuity at the layer boundaries:

Fo~hgo o = 2 o
6L0D N aLom

%’0"';‘58[%:6* = sB(T)+(1—s)%o—,7a—5[,5:5* o
aLod B aLoaf*l

ot aols=s 00" Rovlh-s,

whereh = 1.5(1-w,g) andi denotes theth layer interice betweefth and | + 1)-th layer

TheDelta-approximatiomodifiesk , w,, andg asaconsequencef theapproximatiorof thefractionalforward
peak of the phase function by a delta-function:

g =5 wp =5 = (1-g%w)d (47)

which hasprovento significantlyimprove thetreatmenof radiative transferin two-stream-typenodelsin strongly
scatteringnedia.Anothermodificationcanbeintroducedto adaptthis modelto three-dimensiongbroblems.In
thatcasethe upwardanddownwarddirectedradiancesrecalculatedalongthe slantpathof satelliteobsenations
providing afirst orderapproximatiorto three-dimensionahdiative transfer For mediawith significantscattering,
however, large contritutionsto the obsenation originatefrom outsidethis beam,i.e., from alargervolumethan
represented by a single path, so that the acgafahis approach has limitations.

2.4 (b) Tvo-steam appoximation. In thetwo-streamapproximation(27)is only appliedfor m = +1,i.e.,
atp = +1/./3 = +0.577350or 8 = +54.7°. Then(2) is written:
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A\~ =4
dL(d, +) _
U= = L(S, £p)
—p(1—b)L(3, £H;) — web L (3, FH;) (48)
—(1-wg)B(T)

whereb = (1-g)/2. Again,asystemof differentialequationsanbesetup andsolvedby useof boundarycon-
ditions.

2.5 Scattering—Others

Thereareotherwaysto approactthe multiple scatteringoroblemsuchasthe DiscreteOrdinateMethod,the Suc-
cessie Orderof ScatteringMethodor Monte Carlo techniquesThe latter arewidely usedfor the simulationof
microwave radiative transfenn three-dimensionakincloudswheresignificantscatteringpccursandrepresenthe
mostaccuratesven thoughmostcomputationallyexpensve methods Someefficiency is gainedif the scattering
pathsof photonsaretreatedn the backwarddirection. Then,only thosephotonsactuallyreachingtheradiometer
(heretakenasthe startingpoint of the calculation)areused.Thatway the total numberof requiredphotonso rep-
resent three-dimensional radiance fields is optimized.

An interestingapproachis the Successie Orderof Scatteringechniquebecausét allows theestimationof theor-

derof multiple scatteringequiredto accuratelydetermingheradiancdields.Here theradiative transferequation
is calculatedor eachscatteringorderindividually. Thesetermshave to beeventuallyaddedo obtainthetotal dif-

fuse radiance:

L(3, tp) 2 %Li(é, +11) (49)
i=0

In the caseof visible (or radar)radiative transfermodeling,a direct, forward propagtedradiancehasto betaken
into account.Therecursve formulaefor the radiancegherefor afinite layerwith opticaldepthd andin upward
direction) and source terms are:

0
L,(8=0,1) = [J,(5, W)exp(-8/W) d5'/ 1
)

1
W,
T3 1) = =2 [ L,_o(8, W)P(k, ') dt' +8,,(1— ) B(T)
-1

with 9,,, = 1forn = m and9,,, = 0 for n Zm . Theterm (1-wy)B(T') representshe internalemission
sourcewhichis only considerednce(for calculationgn the visible wavelengthrange this would bereplacedy
the solar source term). it no incident radianced,, = O.

Assumingthattemperatur@ndsinglescatteringalbedoareconstanin thelayer, thefirst andsubsequentrderra-
diances can bexpressed as:
Ly(6=0,u) = (1-wo)B(T)[1-exp(-3/H) ]

50
L,(5=0,p) = Ly(3=0, p)wo[1—exp(-d/p) 1" .

Thus, by applying the summation(#9) with wy/n = wy[1—exp(-6/) ]:
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L,(0=0,u) (0pn)" -1

L(8=04) = == = Ly(8= 0 ) o (51)

The choiceof summatiorlimit n hasto ensureconvergenceof (49), thatis the summatioron theright handside
of (51) hasto be accuratewithin predefinederror limits. This is the case,for example,if exp(-d/p) =0.9,
Wy, = 03:n = 2,orif exp(-6/n) = 0.3, w, = 0.9 :n = 13, choosing an error limit of 0.1 K.

3. ATMOSPHERIC ABSORPTION

At microwave wavelengthsthe mainatmospheri@bsorbersireoxygen(O, ), throughrotationalline absorption
betweerb0-60GHz aswell as118 GHz; watervapour(H,O), throughrotationalline absorptiorat 22.235GHz
and183.31GHz; andcontinuumabsorptiorby watervapouranddry air. Betweenl—-200GHz, stratosphericon-
tributionsarelessimportantsothatthetotalatmospheri@bsorptiorcanbe computedrom profilesof temperature,
pressureand humidity. Modelsfor the simulationof atmospheriabsorptionare basedon laboratoryandfield
measurementsndervariouservironmentalconditionsandhave to cover theline intensity width, andoverlapfor
line absorptiorasafunctionof temperaturepressureandhumidity. Thereareseveraldatabasesf thesemeasure-
mentsavailableaswell asso-calledline-by-line’ modelswhich includecontritutionsfrom all known absorption
linesatthedesiredfrequeng. As anexample,the Millimeter Propagtion Model (MPM) computedocal absorp-
tion, £, (in km?), in termsof acomple« atmosphericefractveindex m, = m',—im", atfrequeny v in GHz:

m, = mg+m'(v)+im"(v)

(52)
k, = 0.0419%m" (v)

Theabore mentionedcontritutionsaresummedup in theimaginarypart, m" (v) overall absorptiorlines(in the
case of MPM, 44 oxygen and 3@&i&r \apour lines).

Thelargestunknowvn in this frequeng rangeis the watervapourcontinuumwhich is rathera correctionof aline
absorptiormodel. Sincethesefits areaimedat high accurayg at frequencieqiearthe absorptionlines, theremay
belargeruncertaintiesn thewindow regionswherethe continuumcontritution dominatesAnotherproblemis the
compatibility of laboratoryandfield measurementshensynthesizedn unified modelsdueto representaity of
measurements and technical constraints.

4. SURFACE EMISSION/REFLECTION

4.1 Ocean

For aflat seasurface the emissiomandreflectioncould be calculatedrom the permittiity of waterasin (56) and
from the Fresnelequationg22) and(23). Surfaceroughnessn the caseof non-zerowindspeedsaswell asfoam
generatiorcontritute significantlyto the modificationof the equationsThesearetreatedin differentways. For
large gravity waves,the wavesareapproximatedy probability distributionsof facetorientationswith respecto
theviewing angle.For eachfacet,the Fresnelequationsareapplied.The distributionsdependon wind speedand
direction.Facetcontributionsareintegratedto yield thetotal emissior reflection. Two-scalemodelsalsoaccount
for capillarywavesandsmallgravity waveswhich aresuperimposednthelargegravity waves.Both components
aretreatedndependentlyherethelattermaybeobtainedrom perturbatiortheory Importantis thechoiceof the
cut-off frequeng to distinguishbetweerthetwo statesFoamcontritutionsmainly increaseoceanemissvity and
areparameterizetyy their fractionalcoverageandthe permittiity of thefoamitself. Salinity playsonly arole at
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frequenciedelon 5 GHz. Dependingon therequirement®f the atmosphericomponentf the radiative transfer
model,eitherzenithangledependenemissvities (asin (23)) or bistaticreflectioncoeficientshave to be calculat-
ed:

2 W2

— __l_ . 0 r U
e0 - 1_4.,.[“ ) { yo(p1“7 (p7u ’ (p) dQ (53)

Theyy(p) andyy(q) representheco-andcross-polarizatiomontritutionswith respecto polarizationgp andgq :

Yo(2iH @1, @) = Yo(ppik, i, @) + Yo(gpi, G, @) (54)
Yo(g:k @K', @) = Yo(qgq: @K', @) +Yo(PgiH, il', @)
L (BQIU L 1 ® QU
Vo(Pq,P-y o, (P) = |4 pql exp ZB_Z + _gD (55)
2Q.0,0, 2Q° o 0.0

wherek = 1/A denoteshewavenumberQ = (@,, ,Q,) isthephasevector U ,, isthescattereetlctricfield
with polarizationstatepq , ando, , o, arethestandardieviationsof facetslopesorthogonabndparallelto wind
direction.Thelatterareobtainedirom the abore mentionedslopedistributionsasa function of surfacestressim-
portant to notice is that multiple reflection and shédg of facets at lager roughnesses may be significant.

4.2 Land

Over land surfacesthe maincontritutionsto be accountedor arethosefrom soil, vegetationandsnow. Theradi-
ative transfercanbe treatedby regardingthe land surfaceasa discreteboundaryusing the definition of bistatic
reflectioncoeficientsasin (53). Dependingonpenetratiordepthandtargetedmedia,afull radiatve transfermodel
with alayeredstructureasalreadyintroducedor theatmosphereas used Vegetation soil, or snowv arethentreated
in layersof constanbptical propertiesandmethodssuchasthe adding/ doublingtechniquecarryoutthe vertical
andangularintegration.Important,however, is the applicability of the farfield approximatiorin scatteringnedia
such as sne or vegetation. Here, radiag transfer theory for dense media are superior

Thedeterminatiorof the optical propertiesat microwave wavelengthof soil, snav, andvegetationis difficult be-
causehenumberof contrituting parametergs muchhigher For soil, mainly soil watercontentandtextureaswell
asroughnessiriveits permittivity. For snav, permittiity is ratheraccuratelyjknown but snav depth watercontent,
andgrainsizesareproblematicln themicrowave spectrategion, vegetationwatercontentandvegetationcoverage
are of importance. Scattering by branches angekee small bt generally non-rgdigible.

5. HYDROMETEORS

5.1 Permittivity

For conductingmaterialsthe complex permittiity, € = €' +i€", determinedhe effect of an externaldielectric
field ontheinternaldistribution of chages(over time). It is connectedo the comple refractive index of thatma-
teria, m = m'—im", throughm2 = ¢ thusg' = m'z—m"z, e" = 2m'm" . Away from the relaxationfre-

gqueny and for a medium in which frictionfetts dominate its polarizabilitythe Debye—equations apply:

Meteorological Training Course Lecture Series
0 ECMWEF, 2002 15



Introduction to microwave radiative transfer

3

£.—¢€ (E4—€,)WT o
- S ® no— S oo e
g =g+ 55 g = = -4 (56)

2_2
1+w'tg 1+t W

with w = 2rv andfrequeny v, andwheret, denoteghe effective relaxationtime, € the static permittivity
(v - 0), &, thehigh-frequenyg permittvity (v — ), g, thepermittiity in vacuumand o theionic conductv-
ity, respectiely. The maineffect of €' is the dispersionof the phasedelayinducedon an electromagnetievave
passing through a medium, whié represents the loss of eger

Theavailablemodelsfor the permittivities of waterandice presenparameterizationsf the abore equationswvith
respecto thedependencef theiringredientson temperaturandfrequeng. Anotherinfluenceis theeffect of sol-
uble materialssuchassaltasexpressedy the secondermin (56) for €” whichis only importantat frequencies
below 5 GHz.

5.2 Cloud absorption and scattering

The parameterizationf the microwave propertiesof waterandice cloudsis basedupontwo majorassumptions:
(1) maximumparticlesizeis well below thewavelengththusthe Rayleighapproximatiorto particlescatteringand
absorptiorappliesandthe shapeof the sizedistribution hasnegligible effectson the derived propertiesy2) scat-
teringis negligible thuscloudsaretreatedaspureemittersandtransmissiong , depend®nly on cloudabsorption,
thust = exp(—B,Az cos‘le) with absorption coditient 3., layer depttAz , and zenith angl® .

For a monodisperse particle distrtton, the liquid vater contentw , is calculated from:
w = pwgnfr'sn(r') dr' = pwgrrrsN (57)
0

wherep,, denoteswvaterdensity r particleradius,and N total particlenumberobtainedfrom particlenumber
density n(r):

00

N = J'n(r') dr' (58)
0

The absorptionand scatteringcoeficients, & ;¢ <, areobtainedfrom the integration of particle absorptionand
scattering cross section@,ps ., over the same distriltion:

00

r r r (- _ 3w
kabssct = nIQabs,sct(r )r Zn(r ) dr' = T[erQabs,sct(r) - A
0

p 4rQabs sct (59)
w

If the Rayleigh approximation holds the cross sections aendjy:

2

m -1 8 4
Qabs = _4x|m|:m2+2:|’ Qsct = §x

2 2
m--1
2

(60)

which arethefirst termsof the seriesexpansionusedin Mie calculationsx = 21r/A denoteghe sizeparame-
terwith wavelengthA = c¢/v, speed of light inacuumc , and frequencv .

After some manipulatior{60) for the absorption cofifient is simplified to:
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2_10
Fop = A{-méﬂl”z—;g} (61)
+
with A = 0.0628381: nkg'GHz™.
With m? = €, (61)is transferred to:
k. = BLE" 62
abs (8' + 2)2 + 8"2 ( )

and B = 0.1885144. nkg'GHz?, which holdsfor both waterandice. Thus(62) requiresliquid- or ice-water
contentsfrequengy andtemperaturaspredictorsaswell asoneof theabose models for thecomplex permittivity
of water and ice as a function of frequgnd temperature.

5.3 Precipitation

For precipitation,scatteringcanonly be neglectedat very low frequencieandrainrates Eq. (59) cannot be ap-
proximatedsothatscatteringandextinction coeficientsaswell asthe phasematrix elementave to beintegrated
overthesizespectrunwith crosssectionscomputedoy Mie routinesfor sphericaparticles.Usually, precipitation
size distrilutions are gien in terms of diameteD ., rather than radius and witkgonential size distrilttions:

N,(D,) = Ngyexp(-A,D,) (63)

with diametersD,. andinterceptsV,, . Theindex 'x' mayreferto rain(r) or snaw / graupel hail (s,g,h)particles.
The slopeA, , is a function of \ater/ice contenty, , and particle density,., (both in g n¥):

_ dPNow)o
/\x - [ q, 0 (64)

Theinput parametersor radiative transfercomputationsi.e., extinction coeficient &, , singlescatteringalbedo
W, , asymmetry parametgr, and backscattering cdiefent &, integrated oer size spectra, arevgin by:

00

T Qs coh
kexo 0o, 8 kos(T) = 7[Qex Q—SC‘, o Ws(Ds T)N(D,)D?dD,
0 ext sct

(65)

o

P(T) = 35 [P(D.. TIN(D,)D}dD,
0

with backscatteringscatteringandextinction crosssections@,,; ., @; and ., , averagescatteringangle cosd,
and temperatur& (which determines particle permitity at frequeng v ).

The summation of these parametersrdydrometeor types to obtain cloud layer properties figdto
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kext(T, q) = Zkext(T, qj), ] _ r,S,g,h
J
_ 2 Woked(T ;)
T, -~ T~ 1 /m N
wo(T', q) S kea(T.a;)
66
ST, q) = 2E8FelTa)) .

z] wokext(Tl qj)

) = ijbskext(Tr qj)
zj'kext(T= qj)

ky(T,q

where(r, s, g, h) represent rain, smg graupel, and hail.

6. FAST MODELS

Fastradiatve transfermodelsareneedencelargedatavolumesareto betreatede.g.in numericaprediction. The

RTTOV-packagds awidely usedoptimizedradiative transfermodelingsoftwarefor cloudfreeandcloud-covere-

datmosphereapplicableto all operationainfraredandmicrowvave sensorchannelfrequenciesTherearecertain

ways to mak modelsdist which—apart from &€ient programming—can be summarized as fedio

. As least as possible layers and frequencies/ wavelengthsare taken. The latter implies that

simulations representingsatellite obsenations are monochromatic,i.e., a radiometerchannel
correspondgo a single wavelength(the filter function would be a delta-function).In the caseof
RTTOV, (7) is numerically galuated in cloudfree situations as:

N
L= 1eBTY+ Y 5B+ B ][y~ + (1-e)(T, ~T,_y)] (67)

J=1

It is assumedhat the effective layer temperaturds the averageof the temperaturest the layer
boundariesvhich alsoimpliesthattheintegrationof the sourcefunctionis givenby B(T)(1 - 7).

T de*notesthe layertransmittancevhile t; denoteghe transmittancdrom thei-th layerto space
andt; denotes the transmittance from tkib layer to the suaice and back to space.

. The radiative transferis treatedwith the assumptionof a plane-parallelatmosphereHorizontal
inhomogeneityis not included and pixels are treatedindependently This assumptionholds for
atmosphereswithout or with only weak scatteringand where the input fields have similar
resolutions as the satellite obsaions to be simulated.

. The dependenceof radianceson azimuth angle is neglected which is almost always true for
microwaves.
. Scatteringoy hydrometeorss neglectedthuscasesvherescatterings likely to occurarescreened

and not used.If treatmentof scatteringis desired,then methodsbasedon the two-streamor
Eddington approximation pvae good results for awelengths bely 100 GHz.

. Atmosphericabsorptioris parameterizewith asleastpredictorsaspossible Thisis of lessseverity
at microvave wavelengthsthane.g.in the infrared spectralregion becausanostly continuumand
rotationalabsorptiorby a smallvariety of gasmoleculeshasto be modeled . The parameterizations
thereforedependon the tamgetedfrequenciesi.e., dependon the instrumento be simulated.n the
RTTOV-packagelayeropticaldepthis parameterizetbr eachnominalchannekentrefrequeny as
the diference of the layeio-space optical depths of adjacent layers:
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9
0= 1 =Y,y a;;X;; (68)
j=1

j=

The predictorsX, Y containlinearizingfunctionsof cos9, andprofilesof p, T, andq aswell as
their departures from reference profiles obtained from represensatindings.
Surfacereflection/ emissionis parameterizedo that non-speculaeffects are included but not
explicitly treatedin form of bistaticreflection.Over land surfacesthe numberof free variablesis
kept small. The inclusion of non-speculareflectionmay be representedby usageof an effective
reflection angle. This modifi€¢87) in the sense thaogr* = logt sed /sed.

Cloud contritutions are excluded avoiding the problem of the treatmentof clear and cloudy
contritutions to total radianceseven though non-precipitatingclouds do not scatterat most
microwave wavelengthsin use.However, the use of (67) with a linear superpositionof cloud
covered and cloudfree grid portions by:

cld

L=0-C)L"+CL (69)

andtheimplementatiorof (62) by tj'd = tj”exp(—BaAzi/p) doesnotincreasehe computational
effort significantly

If cloudsor even precipitationis included,particlesareassumedo be sphericalandhomogeneous
with parameterized size distutions.

If scatteringis includedand multi-streammodelsare emplgyed, the numberof requireddiscrete

angles is kpt small.

Polarizationis assumedo be only introducedby surfacereflection/ emissioneven thoughalso

spherical particles polarize incoming unpolarized radiation.

Thusthenumericallyworstcaseis to useathree-dimensiondllly polarizedMonte-Carlomodelfor thetreatment
of precipitatingcloudsat a large numberof wavelengthsaccountingor the antenngatternsf imagingradiome-

ters.

7. OUTSTANDING ISSUES

In numericalpredictionthe accurag andcomputatiorspeedof radiative transfersimulationsis of utmostimpor-

tance:

Sensordave to provide continuousdataandneedto bewell calibrated(w.r.t. themodel).Accuragy
requirements depend sowtgat on which parameters the sensor is most seniti

Radiative transfermodelsin useavoid scatteringcalculationand polarizationis only includedby
surface reflection which ales the separate calculation of ‘v’ and ‘h’ contriilons.

Radiative transfermodelsonly accountfor one zenith angle (= obsenation direction) and treat
pixels independently (which are decorrelated by thinning).

Surfaceemissvity modelsthereforehave to correctradiationstreamsn zenithdirectionby effects
from off-zenith directions.

Eventhoughatmospheri@absorption's comparablysimple, parameterizationsf absorptionavoid
integration wer laige spectral inteals necessary for line-by-line calculations.

Nearfuture deelopments in numerical prediction should include:

Inclusion of clouds for which scatteringeffects are neggligible including fractional cloud cover
effects.
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. Bettermodelingof land surfaceemissvities becausamicrowave datasensitve to surfacesare not
used @er land.
. Codeunificationfor generaradiancedataassimilationwhichis openfor currentandfuturesensors.

Most majorproblemsaresolvedin microwave radiative transferof which somestill requirerefinementnvolving
considerableomputationakffort. The largestuncertaintiesarisefrom unknowvn input parametersuchascloud
particlesizedistributions,profiles,shapesandcompositioraswell assurfaceemissionHere,mainlylandsurfaces
are dificult because aast amount of free parameters influence the signal on sabspiies.
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